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Abstract 

We calculate leading-order medium photon and dilepton yields from a quark-gluon plasma using (3-i-l)-dimensional 
anisotropic hydrodynamics. In the case of dileptons, at leading-order it is sufficient to take into account non¬ 
equilibrium corrections to the rate through the use of anisotropic distribution functions. In the case of photons, 
non-equilibrium corrections to the rate are taken into account using a self-consistent modification of the distribution 
functions and the corresponding anisotropic hard-loop quark self-energies. We present predictions for the high-energy 
photon and dilepton spectrum and the photon elliptic flow as a function of invariant mass, transverse momentum, shear 
viscosity, and initial momentum-space anisotropy. Our findings indicate that both high-energy photon and dilepton 
production are sensitive to the assumed level of initial momentum-space anisotropy of the quark-gluon plasma. In 
addition, we find that the photon elliptic flow depends on the initial momentum-space anisotropy. 
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1. Introduction 

Relativistic heavy-ion collisions at Brookhaven Na¬ 
tional Laboratory’s Relativistic Heavy Ion Collider 
(RHIC) and at CERN’s Large Hadron Collider (LHC) 
are being used to produce and study the properties 
of a deconfined plasma of quarks and gluons called 
the quark-gluon plasma (QGP). One outstanding ques¬ 
tion concerning the generation of a QGP in heavy-ion 
collisions concerns the time scale for the thermaliza- 
tion and isotropization. Theoretical calculations using 
both weak- and strong-coupling methods find that the 
QGP created immediately after the initial nuclear im¬ 
pact (t ~ 0.2 fm/c) is highly anisotropic in local rest 
frame (LRE) momentum [1]. In order to confirm the 
existence of such momentum-space anisotropies, it is 
desirable to have experimental observables that are sen¬ 
sitive the early-time dynamics of the QGP. 

In this respect, electromagnetic emissions are an ideal 
observable since dileptons and photons are weakly cou¬ 
pled to the plasma (a « as) and escape to the detectors 
with minimal interaction. In this proceedings contribu¬ 
tion, we discuss two recent papers in which we com¬ 


puted dilepton [2] and photon [3] production from a 
deconfined QGP, taking into account the (3-i-l)D non¬ 
equilibrium evolution of the QGP using anisotropic hy¬ 
drodynamics [1, 4-7]. Eor dilepton and photon produc¬ 
tion, the work presented herein is an extension of pre¬ 
vious studies performed in Refs. [8-10] and Refs. [11, 
12], respectively, to include a realistic (3-i-l)D model of 
the background evolution. 


2. Methodology 

2.7. Dilepton Rate 

At leading order in the electromagnetic coupling, the 
dilepton emission rate follows from 


d^P 


f f MPi)MP2) 

Jpl Jp2 

( 1 ) 


where = J d^pl( 27 r)^, fq(q) is the phase-space dis¬ 
tribution function of quarks (anti-quarks), Vqq is the 
relative velocity between the quark and the anti-quark 
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and cr^ is the total cross section for the leading-order 
quark-anti-quark annihilation process, q + q ^ y* —> 
t + 1- 
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For high-energy dilepton pairs, the invariant energies 
are much greater than the lepton masses, M » m/, and 
one can take m/ - 0 above. 

In order to take into account the largest corrections to 
ideal hydrodynamic behavior which arise from the rapid 
longitudinal expansion of the plasma at early times, 
the one-particle distribution function for the quarks and 
anti-quarks can be described at leading order by the fol¬ 
lowing spheroidal form [13] 


/,®(p, f, A) = /“?) |7p2+^(p.n)2, Aj, (3) 


divergences in these integrals, we first change variables 
in the first integration Xo P = K\ - Q and introduce an 
IR cutoff p* on the integration over the exchanged three- 
momentum p. 

Using the Keldysh formalism, the soft contribution 
can be computed from the trace of the ( 12 ) component 
of the photon polarization tensor 


dR^Qfi 


2(2ny 




(6) 


We evaluate ( 1112 )^;^ using the hard-loop resummed 
fermion propagator [14] which gives a retarded fermion 
self-energy of the form 




^ 2 r/(k)K y 
4 ^ Jk |k| K-F’ 


(7) 


where/(k) = 2(/,(k)-H/^(k))-H4/^(k). Taking the hard- 
loop limit where appropriate, one finds 


where A is a transverse-momentum scale and 
-1 < ^ < oo is the momentum-space anisotropy 
parameter. We take to be a Fermi-Dirac distribu¬ 
tion function and /“° to be a Bose-Einstein distribution. 
For details concerning the evaluation of the integral (1), 
we refer the reader to Refs. [2, 9]. 
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where A’'(p) = [A^^ - A/“ + A„“npo=MRq)^ and 
^ Pa-^aiP) , Py-YY) 


(F-S(P ))2 


(P - E*(P))2 


2.2. Photon Rate 

To calculate the leading-order photon rate, one must 
separately compute the rates stemming from hard and 
soft momentum exchanges due to the presence of an 
infrared divergence in the rate. The total rate, which 
is a sum over the hard and soft contributions, is finite. 
For the hard contributions, one can simply compute the 
Feynman diagrams corresponding to the annihilation 
and Compton processes. The rate of photon production 
due to in-medium quark annihilation and Compton pro¬ 
cesses can be expressed as 
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and 
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respectively, where s = (Ki - 1 - ^ 2 ) 2 , t = {Ki - 2)2, u - 
{K 2 - Qy, Cq^ - 2/3, and fq^g are the in-medium quark 
and gluon distribution functions. Due to the infrared 


The ultraviolet divergence in the integral ( 8 ) is regulated 
by a UV cutoff p* on the length of the three-momentum. 

2.3. QGP evolution 

We assume that the QGP evolves through a non¬ 
equilibrium state and that the quark and anti-quark one- 
particle distribution functions are well approximated by 
Eq. (3) at all times [1]. Eor all results presented herein, 
we held the final particle multiplicity fixed as we var¬ 
ied q/s. Eor details concerning the anisotropic hydrody¬ 
namics setup and initial conditions used for the results 
presented herein, we refer the reader to the original pa¬ 
pers [2, 3]. 

3. Results and Conclusions 

In Eig. 1, we present the invariant mass (left) and 
transverse momentum spectra (right) of dilepton pairs. 
Erom these panels, we see that the spectra do not de¬ 
pend significantly on 77 /s. We observe that the spectra 
do not necessarily have a monotonic dependence on 77 /s 
(see e.g. the inset in the left panel of Eig. 1). This is due 
to the fact that, for fixed initial temperature, the particle 
multiplicity is not a monotonically increasing function 
of 77 /s within anisotropic hydrodynamics (see Eig. 9 of 
Ref [2] and the surrounding discussion). 
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Figure 1: The invariant mass spectra (left) and transverse momentum spectra (right) of dilepton pairs at midrapidity, y = 0, for AtttjIs e 
{0,0.1,1,2,3,6,10}. 




M [GeV] 


p. [GeV] 


Figure 2: The invariant mass spectra (left) and transverse momentum spectra (right) of dilepton pairs at midrapidity, y = 0, for various initial 
anisotropy conditions, and Antjls = 3. The results with = -0.9,0,10, and 100 are denoted by brown solid, red dashed, blue dotted and green 
dot-dashed lines, respectively. 


In Fig. 2, we present the invariant mass (left) and 
transverse momentum spectra (right) for dilepton pairs 
for four different anisotropic initial conditions. From 
this figure, we see that the transverse momentum spec¬ 
tra are quite sensitive to the assumed initial momen¬ 
tum anisotropy. For an initially oblate configuration, the 
spectra are become flatter. The opposite behavior is ob¬ 
served for an initially prolate configuration. This effect 
is particularly significant for large values of The be¬ 
havior of the invariant mass spectra, on the other hand, 
is more difficult to understand since, in this case, both 
oblate and prolate initial conditions lead to a flattening 
of the spectra. 

In Fig. 3 we present our results for the photon spectra. 
As can be seen from Fig. 3, there is significant varia¬ 
tion in the high-energy photon spectrum as one changes 
the initial anisotropy of the QGP. For Anijls = 3, at 
q± - 6 GeV, one finds that the QGP photon spectrum 
varies by approximately an order of magnitude when 
varying the initial anisotropy in the range shown. We 
note additionally that for q± '^2 GeV, we see very little 


effect from varying the initial anisotropy. In the origi¬ 
nal paper [3], we found that this conclusion holds for all 
values of 4nql i > 1 with the variation increasing with 
increasing q/s. 

Finally, in Fig. 4, we show our results for the photon 
elliptic flow, V 2 - As can be seen from Fig. 4, regardless 
of the assumed initial momentum-space anisotropy, in¬ 
creasing the shear viscosity of the QGP results in an in¬ 
crease in photon V 2 . For the values of q/s shown, we see 
at most a 300% increase in the photon V 2 . Comparing 
the three panels of Fig. 4 we also see that, for fixed q/s, 
increasing the initial momentum-space anisotropy also 
results in an increase in the peak photon v’ 2 , however, as 
^0 increases there is also a reduction in the photon V 2 at 
large transverse momentum. 

In closing, the results of Refs. [2] and [3], which 
are summarized in this proceedings contribution, in¬ 
dicate that both high-energy photon and dilepton pro¬ 
duction are sensitive to the assumed level of initial 
momentum-space anisotropy of the QGP. In addition, 
we find that the photon elliptic flow depends on the 
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Figure 3: Medium photon spectrum for three different values of viscosity (a) Anpls = 1 , (b) Anrj!s = 2 and (c) Anr}!s = 3. In each panel, the lines 
correspond to three different values for the initial anisotropy in the system = 0,10, and 100. 





Figure 4: Elliptic flow coefficient V 2 {q±,y = 0) for three different values of initial anisotropy parameter: (a) = 0, (b) = 10, and (c) = 100. 

In each panel, the lines correspond to three different values for the shear viscosity to entropy density ratio 47tt]Is =1,2, and 3. 


assumed level of initial momentum-space anisotropy 
of the QGP. Looking forward, it will be important to 
include non-spheroidal corrections in the background 
evolution in order to assess their impact on photon el¬ 
liptic flow and the photon and lepton spectra. 
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